Introduction {#Sec1}
============

Serotonin (5-hydroxytryptamine (5-HT)) is found in the gastrointestinal tract, the central nervous system, and the bloodstream, primarily in platelets. 5-HT released from activated platelets regulates the function of vascular smooth muscle (VSM) cells through activating its G protein-coupled receptors (GPCRs), 5-HT~2A~, and 5-HT~1B~. 5-HT~2A~ receptor activates phospholipase C (PLC) through Gq leading to the accumulation of inositol 1,4,5-trisphosphate (IP~3~) that causes Ca^2+^ release from internal stores and di-acylglycerol (DAG) which activates protein kinase C (PKC) and voltage-operated Ca^2+^ channels \[[@CR28]\]. 5-HT-elevated intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~) has been characterized by two steps, a transient phase due to IP~3~-induced Ca^2+^ release from internal stores and a plateau phase that mainly depends on the extracellular Ca^2+^ influx. Ca^2+^ release from cyclopiazonic acid (CPA)-sensitive intracellular stores and store-operated Ca^2+^ (SOC) entry also contribute to 5-HT-induced responses \[[@CR25]\].

SOC entry is activated both by agonist-induced Ca^2+^ store depletion and by sarcoendoplasmic reticulum Ca^2+^ ATPase (SERCA) inhibitors such as thapsigargin and CPA. SERCA is essential to maintain \[Ca^2+^\]~i~ homeostasis through transporting cytosolic Ca^2+^ into stores besides regulating SOC entry \[[@CR30]\]. In addition, SERCA dysfunction has been associated with many cardiovascular disorders including congestive heart failure, cardiac hypertrophy, pathological angiogenesis, as well as atherosclerosis \[[@CR2]\]. Balloon injury-induced neointima formation in rat carotid arteries was prevented by SERCA2a gene transfer \[[@CR23]\]. The initial report on the deficiency in cardiac SERCA levels in congestive heart failure due to myocardial infarction was published in 1996 \[[@CR34]\]. The genetically targeted SERCA2a enzyme replacement therapy, Mydicar®, is currently under clinical investigation for the treatment of advanced heart failure \[[@CR13]\].

Switching from SERCA2a to SERCA2b isoform is the key difference between contractile and non-contractile (synthetic/proliferating) VSM phenotypes. It has been known for decades that VSM cells demonstrate phenotypic plasticity with a diverse range of phenotypes even at the differentiated state in contrast to most of other cell types. Although the plasticity is required for vascular development, switching from contractile to synthetic phenotype is also associated with vascular diseases \[[@CR17]\]. The role of synthetic VSM cells in atherosclerosis whether they are the key pathogenic factor or beneficial by stabilizing the fibrous cap is still controversial \[[@CR12]\]. Restoration of SERCA2a levels was shown to modify agonist-induced Ca^2+^ elevations and SOC entry as well as suppressing human VSM cell proliferation \[[@CR7]\]. In accordance with these findings, we previously observed the upregulation of SERCA2b and SOC entry along with suppressed proliferation in A7r5 cells during subculturing \[[@CR9]\].

Corticosteroids also result in SERCA inhibition and disruption of Ca^2+^ homeostasis. It is well known that systemic corticosteroid application results in hypertension in normotensive patients and also worsening of blood pressure control in hypertensive patients mainly through increased renal salt and fluid retention. In addition to potentiating vasoconstrictor responses through increased receptor density \[[@CR24], [@CR26], [@CR35]\], the actions of corticosteroids on calcium transport of VSM cells including SERCA levels and SOC entry were reported. Administration of triamcinolone, 80 mg/kg for 5 days, reduced SERCA mRNA levels in rat diaphragm suggesting a possible mechanism for fiber atrophy \[[@CR10]\]. The synthetic corticosteroid dexamethasone has been shown to activate SOC entry via Ca^2+^-independent phospholipase A~2~ in cultured myotubes, an in vitro model of muscle wasting \[[@CR18]\].

SERCA downregulation also alters agonist-induced vascular responses and attenuates receptor antagonism. We previously showed that the inhibitory effects of endothelin-1 (ET-1) and 5-HT receptor antagonists on CPA-potentiated agonist-induced contractions significantly decreased in rat thoracic aorta \[[@CR32], [@CR33]\] suggesting the possible SERCA blockade-induced internalization 5HT~2A~ receptors that are localized on caveolar membranes \[[@CR5]\]. PKC has been shown to mediate 5-HT-induced 5-HT~2A~ internalization \[[@CR6]\] via receptor phosphorylation which is followed by recycling back to the plasma membrane by protein phosphatase 2A (PP2A)-mediated dephosphorylation \[[@CR27]\].

Based on these data, we hypothesized that SOC entry and PKC activation are responsible for the decrease in 5-HT receptor antagonism observed in the presence SERCA blockade. To test this hypothesis, we investigated the effects of SOC entry blocker 2-aminoethoxydiphenyl borate (2-APB) and PKC inhibitor (D-sphingosine) on CPA-potentiated and 5-HT-induced Ca^2+^ responses in VSM cells. The abilities of dexamethasone to induce SOC entry and to potentiate 5-HT-induced Ca^2+^ responses in VSM cells were also tested.

Materials and methods {#Sec2}
=====================

Cell culture {#Sec3}
------------

A7r5 cells derived from embryonic rat thoracic aorta (European Collection of Cell Cultures (ECACC)) fed with DMEM containing 10 % fetal bovine serum and 2 mM [l]{.smallcaps}-glutamine in flasks and maintained in a humidified incubator at 37 °C and 5 % CO~2~. When it reached 70 % confluency, cells were subcultured (1:2) using 0.5 % trypsin-EDTA. A detailed culturing protocol for A7r5 cells has been published recently \[[@CR9]\].

Intracellular Ca^2+^ measurements {#Sec4}
---------------------------------

Intracellular Ca^2+^ levels were measured on cell populations (at passage numbers 22--24) using a dual wavelength spectrofluorometer (PTI QM8/2005, Photon Technology International, Birmingham, NJ) as described previously \[[@CR31]\]. Briefly, A7r5 cells at passage numbers (P\#) 22--24 were seeded on round coverslips in 24-well plates at 20,000--30,000 cells/well density and then incubated for 24--48 h to reach a maximum of 70 % confluency. In over confluent cells, spontaneous Ca^2+^ oscillations hindering the monitoring of agonist-induced responses were determined.

For the loading of Ca^2+^ indicator, cells were incubated in HEPES buffered saline (HBS; in millimolar; NaCl 135, KCl 5.9, MgCl~2~ 1.2, CaCl~2~ 1.5, HEPES 11.6, NaHCO~3~ 5.0, glucose 11.5, pH 7.3) containing 5 μM fura-2/AM plus 0.02 % pluronic F-127 (Molecular Probes) supplemented with 1 mg/ml BSA for 1 h at room temperature in the dark. After rinsing twice with HBS containing 1 mg/ml BSA, cells on coverslips were mounted into a polymethacrylate spectrophotometer cuvette with the help of an apparatus. Fluorescence emission at 510 nm was monitored with excitation at 340 and 380 nm and expressed as ratio (340/380). Peak Ca^2+^ responses were evaluated due to time-dependent decays in plateau. Background fluorescence was determined by quenching the fura-2 fluorescence with MnCl~2~ (5 mM) in the presence of 10 μM ionomycin in Ca^2+^-free solution containing 2 mM EGTA at the end of the experiment.

Chemicals {#Sec5}
---------

All chemicals were from Sigma and dissolved in appropriate solvents as follows: 5-HT (PubChem CID: 164531) (10^−2^ M) in distilled water (DW); CPA (PubChem CID: 54695722) (10^−1^ M) in dimethylsulfoxide (DMSO); verapamil (PubChem CID: 155002) (10^−2^ M) in DW, methysergide (PubChem CID:5281073) (10^−2^ M) in DMSO; ketanserin (10^−1^ M) in EtOH; 2-APB (PubChem CID: 1598) (10^−1^ M) in DMSO; D-sphingosine (synthetic) (PubChem CID: 5280335) (10^−2^ M) in EtOH; and dexamethasone (PubChem CID: 5743) (10^−2^ M) in EtOH. In order to avoid direct vasorelaxant effects, final DMSO and EtOH concentrations did not exceed 0.1 %.

Data analysis {#Sec6}
-------------

Data analyses as well as graphical presentations were prepared by using GraphPad Prism5. The results were given as mean ± standard error of the mean. "*n*" represents the number of samples used. The significance of differences was evaluated by Student's *t* test for two groups and one-way ANOVA with post hoc Newman-Keuls test for multiple comparisons. *P* \< 0.05 was considered significant.

Results {#Sec7}
=======

5-HT-induced Ca^2+^ elevations {#Sec8}
------------------------------

We previously showed that non-selective 5-HT receptor antagonist methysergide (1 μM) abolished 5-HT (1 μM)-induced contractions in rat thoracic aorta \[[@CR32]\]. In the present study, we further investigated the nature and antagonism of 5-HT-induced Ca^2+^ elevations. The antagonistic effect of methysergide could not be tested due to the disruption of fura-2 fluorescence (data not shown). 5-HT was applied at 1 μM final concentration that previously shown to induce measurable Ca^2+^ elevations in A7r5 cells \[[@CR9], [@CR31]\].

Administration of 5-HT resulted in two distinct Ca^2+^ responses: (i) a transient increase that significantly (*P* \< 0.01, *n* = 3) and completely (90 %) inhibited by ketanserin (1 μM) and (ii) a steady elevation partially (32 %) reversed by ketanserin (Fig. [1](#Fig1){ref-type="fig"}). Figure [1](#Fig1){ref-type="fig"} shows a continuous recording in which the second exposure to 5-HT elicits a steady response that is only weakly inhibited by cumulative doses of ketanserin. The remaining 5-HT steady responses were almost completely inhibited by voltage-operated Ca^2+^ channel blocker verapamil (1 μM).Fig. 15-HT-induced Ca^2+^ elevations. Transient and steady elevations of Ca^2+^ in response to 5-HT (1 μM) and the effects of ketanserin (1 μM) and verapamil (1 μM) on 5-HT-induced elevations (\*\**P* \< 0.01, *n* = 3)

It is known that 5-HT leads to Ca^2+^ release from CPA-sensitive stores and SOC entry which constitute the first (transient) and second (plateau) phases of 5-HT responses, respectively. In light of this, we further investigated the effects of 2-APB on 5-HT steady elevations. A purported SOC entry blocker 2-APB \[[@CR31]\] significantly (*P* \< 0.01, *n* = 4) but not completely inhibited the remaining Ca^2+^ elevations (Fig. [2a](#Fig2){ref-type="fig"}). Following the observation of the partial inhibition by 2-APB (50 μM), we further investigated the effects of D-sphingosine which is a potent and specific inhibitor of PKC. D-sphingosine (10 μM) abolished (*P* \< 0.01, *n* = 4) the remaining responses following 2-APB inhibition (Fig. [2a](#Fig2){ref-type="fig"}). The effect of D-sphingosine on ketanserin-inhibited responses was further investigated in the absence of 2-APB (Fig. [2b](#Fig2){ref-type="fig"}). Although 5-HT-induced steady Ca^2+^ elevations were significantly (*P* \< 0.05) higher in Fig. [2a](#Fig2){ref-type="fig"} compared to Fig. [2b](#Fig2){ref-type="fig"}, this discrepancy was inevitable in experimental conditions. D-sphingosine (10 μM) abolished (*P* \< 0.01, *n* = 4) the responses when applied following ketanserin (Fig. [2b](#Fig2){ref-type="fig"}) as well.Fig. 2Inhibition of 5-HT-induced Ca^2+^ elevations. **a** 2-APB (50 μM) and D-sphingosine (10 μM) were sequentially applied on ketanserin (1 μM)-inhibited 5-HT (1 μM) responses (\*\**P* \< 0.01, *n* = 4). **b** D-sphingosine (10 μM) was also administered on ketanserin-inhibited elevations (\**P* \< 0.05, \*\**P* \< 0.01, *n* = 4)

Effects of CPA on 5-HT-induced Ca^2+^ elevations {#Sec9}
------------------------------------------------

CPA, at 10 μM concentration that depletes SR-stored Ca^2+^, potentiated 5-HT contractile responses and attenuated 5-HT receptor antagonism in endothelium-denuded rat thoracic aorta \[[@CR32]\]. The effects of CPA on 5-HT-induced Ca^2+^ elevations further investigated in the present study. CPA significantly potentiated 5-HT (1 μM)-induced Ca^2+^ responses which were partially inhibited (*P* \< 0.05, *n* = 4) by 1 μM ketanserin (Fig. [3](#Fig3){ref-type="fig"}). Furthermore, both 2-APB (50 μM) and D-sphingosine (at 10 μM that reportedly inhibits 5-HT receptor internalization \[[@CR6]\]) significantly (*P* \< 0.01, *n* = 4) reversed the remaining responses (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Inhibition of CPA-potentiated 5-HT-induced Ca^2+^ elevations. **a** The effects of ketanserin (1 μM) and 2-APB (50 μM) on CPA (10 μM)-potentiated 5-HT (1 μM) responses (\*\**P* \< 0.01, *n* = 4). **b** Ketanserin (1 μM) and D-sphingosine (10 μM) were sequentially applied on 5-HT-induced and CPA (10 μM)-potentiated elevations (\**P* \< 0.05, \*\**P* \< 0.01, *n* = 4)

Effects of dexamethasone on 5-HT-induced Ca^2+^ elevations {#Sec10}
----------------------------------------------------------

In addition to CPA, the effects of dexamethasone that reportedly activates SOC entry in cultured myotubes \[[@CR18]\] were tested. An insignificant increase in 5-HT (1 μM)-induced Ca^2+^ responses was observed with the addition of dexamethasone (10 μM) which was partially inhibited by 1 μM ketanserin and 50 μM 2-APB (Fig. [4](#Fig4){ref-type="fig"}). D-sphingosine (10 μM) abolished (*P* \< 0.01, *n* = 4) the rest of 5-HT responses (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Effects of dexamethasone on 5-HT-induced Ca^2+^ elevations. Dexamethasone (10 μM), ketanserin (1 μM), 2-APB (50 μM), and D-sphingosine (10 μM) were sequentially applied on 5-HT (1 μM)-induced Ca^2+^ responses (\*\**P* \< 0.01, *n* = 3)

Discussion {#Sec11}
==========

We previously showed that 5HT~2A~ receptor antagonist methysergide completely inhibited 5-HT-induced vascular contractions in rat thoracic aorta \[[@CR32]\]. However, monitoring the inhibitory effects of methysergide on 5-HT-induced Ca^2+^ elevations in A7r5 cells was not possible due to its spectral properties interfering fura-2 signal. Therefore, another 5-HT~2A~ receptor antagonist ketanserin with potent inhibitory effects on vasoconstrictor action of 5-HT was used. We observed two distinct responses to 5-HT, transient and steady. 5-HT steady responses were served as control for further experiments investigating the effects of CPA and dexamethasone.

Transient and steady Ca^2+^ responses to 5-HT {#Sec12}
---------------------------------------------

During VSM phenotypic alteration, Ca^2+^ handling switches from voltage-sensitive to SOC and receptor-operated Ca^2+^ entries and also Ca^2+^ transients are replaced with steady-state Ca^2+^ elevations \[[@CR4]\]. The mode of intracellular Ca^2+^ elevations also determines the type of VSM contraction. Oscillatory type of Ca^2+^ transient triggers phasic contractions whereas a steady-state increase in Ca^2+^ triggers tonic contractions which had been observed in synthetic phenotype \[[@CR1]\]. Ketanserin-sensitive and transient Ca^2+^ elevations to 5-HT were previously reported in primary cultured smooth muscle cells \[[@CR20]\]. We observed both transient and profoundly steady Ca^2+^ elevations in VSM cell line. Steady 5-HT responses were partially sensitive to ketanserin in contrast to transient elevations which were completely inhibited by ketanserin. 5-HT-induced steady Ca^2+^ elevations observed in our study may be responsible for tonic vasoconstriction supporting its role in pulmonary hypertension \[[@CR8]\], and steady elevations may also account for the partial reduction of pulmonary vascular resistance by ketanserin \[[@CR15]\]. In cultured rat aortic smooth muscle cells, dose-dependent increases in 5-HT-induced intracellular Ca^2+^ elevations were inhibited by ketanserin \[[@CR16]\]. However, in another study performed with the same cell type ketanserin, along with cinanserin and mianserin, it was found to be less effective on 5-HT-induced Ca^2+^ elevations in comparison to sarpogrelate \[[@CR29]\]. The discrepancies in 5-HT responses and 5-HT receptor antagonism even in the same cell population may result from spatiotemporal changes in Ca^2+^ signaling and related protein localization. Since restoring SERCA2a levels in synthetic VSM cells modifies the type of 5-HT-induced Ca^2+^ transients from steady-state to transient mode \[[@CR7]\], differential localization of SERCA2a may be responsible for two distinct 5-HT responses observed in our study. We also previously reported that culturing conditions and passaging alter the expression of Ca^2+^-related proteins in A7r5 cells that mimic the phenotypic switching of VSM cells \[[@CR9]\]. The discrepancies in ketanserin responses observed in different studies may result from different passage numbers and cell culturing conditions. The observation of both ketanserin-sensitive and ketanserin-insensitive 5-HT responses in the present study may also support the utility of A7r5 in the investigation of VSM cell differentiation.

In addition, the steady 5-HT responses were partially (30 %) reversed by ketanserin whereas completely inhibited both by 2-APB and D-sphingosine suggesting the contribution of SOC entry and PKC activation in altered 5-HT-induced Ca^2+^ mobilization. 5-HT-induced steady Ca^2+^ response may result in PKC-mediated phosphorylation and sequential internalization of receptor resulting in decreased antagonistic effect.

SERCA inhibition potentiates 5-HT-induced Ca^2+^ responses {#Sec13}
----------------------------------------------------------

Enhancement of contractile responses to 5-HT is related to cardiovascular diseases, such as atherosclerosis. Endothelial dysfunction is characterized by reduced endothelium-dependent relaxations and an early marker of atherosclerosis, a chronic inflammatory disease affecting the peripheral arteries and the aorta. Endothelial dysfunction also contributes to increased vasoconstriction induced by endothelium-dependent agonists such as 5-HT. Contractile responses to 5-HT, a major product of platelet activation, were potentiated in coronary arteries of atherosclerotic monkeys and reversed to normal by reducing dietary cholesterol \[[@CR21]\]. Furthermore, 5-HT has constricting effects contributing to myocardial ischemia and coronary artery disease in contrast to its vasodilating effect on normal human coronary arteries \[[@CR11]\]. It is also known that acute hypertension potentiates 5-HT constrictor responses in coronary arteries by impairing endothelial function \[[@CR22]\] along with the enhancement of 5-HT-stimulated \[Ca^2+^\]~i~-dependent thoracic and abdominal aortic contractions in chronic hypertension \[[@CR3]\].

We observed that CPA-mediated SERCA inhibition that mimics impaired SERCA activity which is also a characteristic of synthetic VSM cells \[[@CR23]\] potentiated 5-HT-induced Ca^2+^ elevations. When applied alone, CPA (10 μM) causes contraction of endothelium-denuded rat thoracic aorta as well as elevating \[Ca^2+^\]~i~ in VSM cells \[[@CR31]\]. In addition to its PKC-mediated contractile effects, CPA was shown to augment 5-HT- and ET-1-induced vasoconstrictions and to diminish inhibitory actions of their receptor blockers \[[@CR32], [@CR33]\]. In accordance with our previous findings in rat aortic rings, SERCA inhibition potentiated 5-HT-induced Ca^2+^ elevations in VSM cells. In contrast to enhanced 5-HT responses observed in our study, SERCA blockers thapsigargin and cyclopiazonic acid were previously shown to inhibit 5-HT-induced Ca^2+^ elevations in rat aortic smooth muscle cells \[[@CR29]\].

Since we previously reported that verapamil had no effect on CPA-induced Ca^2+^ elevations \[[@CR31]\], the CPA response appears to be related to SOC entry without the contribution of voltage-operated Ca^2+^ channels. Ketanserin partially decreased CPA-potentiated 5-HT-induced Ca^2+^ elevations whereas both PKC inhibitor D-sphingosine and SOC blocker 2-APB abolished the remaining of ketanserin-inhibited responses. This suggests that SERCA blockade-induced SOC entry contributes to the increased Ca^2+^ levels and activation of PKC. It was reported that PKC-mediated pathway rather than the release of stored Ca^2+^ plays a primary role in 5-HT- and histamine-induced coronary spasm \[[@CR19]\]. PKC was also suggested to have a role in the recycling of 5-HT~2A~ receptors \[[@CR6]\]. These results support that the decrease in 5-HT receptor antagonism in the presence of CPA may result from PKC-mediated internalization of 5-HT~2A~ receptors which have been shown to localize on caveolar membranes \[[@CR5]\]. Since sphingosine reportedly counteracts PKC's effects by regulating PP2A \[[@CR14]\], it may facilitate the translocation of internalized 5-HT~2A~ receptors back to the cellular membrane making them available for antagonistic intervention. However, further investigation is required to confirm 5-HT receptor localization using imaging techniques such as total internal reflection fluorescence (TIRF) that are well suited for visualizing single molecules.

Dexamethasone and 5-HT-induced Ca^2+^ elevations {#Sec14}
------------------------------------------------

Enhanced vascular sensitivity to 5-HT through increased mobilization of Ca^2+^ from cellular stores was observed in femoral arteries of deoxycorticosterone acetate (DOCA)-salt hypertensive rats \[[@CR24]\]. In another study performed with C6 glioma cells, dexamethasone was shown to potentiate 5-HT-induced responses with a ninefold leftward shift in 5-HT dose-response curves \[[@CR26]\]. Furthermore, ketanserin completely inhibited 5-HT-induced time- and dose-dependent increases in \[Ca^2+^\]~i~ as well as those potentiated by dexamethasone \[[@CR26]\]. Dexamethasone was shown to induce the rapid promotion of norepinephrine-mediated rat VSM cell contraction as well \[[@CR35]\]. In addition, dexamethasone activates SOC entry and protein degradation in myotubes suggesting the possible involvement of SOC entry in glucocorticoid-induced muscle protein degradation \[[@CR18]\].

In contrast to these findings, dexamethasone induced a slight increase in 5-HT-induced Ca^2+^ elevations in our study. In the presence of dexamethasone, the attenuation of the antagonistic effect of ketanserin on 5-HT-induced Ca^2+^ elevations was similar to control responses (26 and 16 %, respectively). However, 5-HT responses in the presence of dexamethasone were not significantly inhibited by 2-APB in contrast to the control (37 and 47 %, respectively) suggesting the contribution of SOC entry-independent mechanisms to dexamethasone-induced Ca^2+^ elevations in A7r5 cells. The results may help to clarify the differential effects of CPA and dexamethasone, both agents activate SOC entry with different mechanisms and efficiencies, on 5-HT-evoked responses.

In conclusion, our findings suggest that decreased 5-HT receptor antagonism in the presence of SERCA inhibition is mediated by SOC entry and PKC activation. Furthermore, 5-HT-induced steady Ca^2+^ elevations may facilitate tonic vasoconstriction associated with vasospastic diseases. Our results may contribute to the elucidation of the underlying mechanisms and the treatment of vascular diseases related to SERCA downregulation and 5-HT hyperreactivity. The attenuated 5-HT receptor antagonism in the presence of SERCA inhibition observed in our study may mimic the phenotypic switching of VSM cells and alter Ca^2+^ signaling in some vascular diseases \[[@CR17]\]. However, the major limitation of our study is the lack of physiopathological context. Therefore, the functional role of the attenuation of 5-HT receptor antagonism and SERCA downregulation needs further investigation using cardiovascular disease models.
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